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This is the final report for ARO Grant No. W911NF-14-1-0572 entitled “Ballistic Phosphorene Transistor” as a STIP award for 
the period 09/1/2014 through 5/31/2015. The ARO program director responsible for the grant is Dr. Joe Qiu. The PI is Prof. 
Peide Ye of Purdue University. The objective of this project is to explore phosphorene, a name we coined for a 2D atomic layer 
of black phosphorus (BP), which, unlike graphene, can have an inherent and direct bandgap on the order of 1 eV and, unlike 
MoS2 or other transition-metal dichalcogenides (TMDs) with strong d-orbital coupling, can have carrier mobility on the order of 
104 cm2/Vs. Thus, phosphorene can potentially overcome the challenges of all other 2D materials for ultra-scaled thin-body 
low-power transistor applications thereby transforming the electronics industry. Even more, phosphorene and few-layer 
phosphorene has very unique anisotropic transport properties which we have also first explored in transport. [1,2] In FY15, 
Professor Ye’s team investigated unique transport property and explore its potential applications in field-effect transistor at 
ballistic limit down to 15 nm channel region. His team studied the channel length scaling of ultra-thin phosphorene field-effect 
transistors (FETs), and discuss a scheme for using various contact metals to change transistor characteristics. Through 
studying transistor behaviors with various channel lengths, the contact resistance can be extracted from the transfer length 
method (TLM). With different contact metals, we find out that the metal/BP interface has different Schottky barrier, leading to a 
significant difference in contact resistance, which is quite different from previous studies of transition metal dichalcogenides 
(TMDs) such as MoS2 where Fermi-level is strongly pinned near conduction band edge at metal/MoS2 interface. The nature of 
BP transistors are Schottky barrier FETs, where the on and off states are controlled by tuning the Schottky barriers at the two 
contacts. His team also observed the ambipolar characteristics of BP transistors with enhanced n-type drain current and 
demonstrate that the p-type carriers can be easily shifted to n-type or vice versus by controlling the gate bias and drain bias as 
illustrated in Figure 1, showing the potential to realize BP CMOS logic circuits.[2] Due to the dominant contact resistance, the 
drain current of BP FETs doesn’t increase dramatically even with channel length down to 15nm. His team is working toward to 
develop an effective doping scheme on BP and phosphorene to significantly reduce the contact resistance and realize low-
resistive ohmic contact ballistic transistors on BP and phosphorene.
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Ballistic Phosphorene Transistor 

Professor Peide D. Ye, Purdue University, STIP Award 

 

This is the final report for ARO Grant No. W911NF-14-1-0572 entitled “Ballistic Phosphorene Transistor” as a STIP 

award for the period 09/1/2014 through 5/31/2015. The ARO program director responsible for the grant is Dr. Joe 

Qiu. The PI is Prof. Peide Ye of Purdue University. The objective of this project is to explore phosphorene, a name 

we coined for a 2D atomic layer of black phosphorus (BP), which, unlike graphene, can have an inherent and 

direct bandgap on the order of 1 eV and, unlike MoS2 or other transition-metal dichalcogenides (TMDs) with 

strong d-orbital coupling, can have carrier mobility on the order of 104 cm2/Vs. Thus, phosphorene can 

potentially overcome the challenges of all other 2D materials for ultra-scaled thin-body low-power transistor 

applications thereby transforming the electronics industry. Even more, phosphorene and few-layer phosphorene 

has very unique anisotropic transport properties which we have also first explored in transport. [1,2] In FY15, 

Professor Ye’s team investigated unique transport property and explore its potential applications in field-effect 

transistor at ballistic limit down to 15 nm channel region. His team studied the channel length scaling of ultra-

thin phosphorene field-effect transistors (FETs), and discuss a scheme for using various contact metals to change 

transistor characteristics. Through studying transistor behaviors with various channel lengths, the contact 

resistance can be extracted from the transfer length method (TLM). With different contact metals, we find out 

that the metal/BP interface has different Schottky barrier, leading to a significant difference in contact resistance, 

which is quite different from previous studies of transition metal dichalcogenides (TMDs) such as MoS2 where 

Fermi-level is strongly pinned near conduction band edge at metal/MoS2 interface. The nature of BP transistors 

are Schottky barrier FETs, where the on and off states are controlled by tuning the Schottky barriers at the two 

contacts. His team also observed the ambipolar characteristics of BP transistors with enhanced n-type drain 

current and demonstrate that the p-type carriers can be easily shifted to n-type or vice versus by controlling the 

gate bias and drain bias as illustrated in Figure 1, showing the potential to realize BP CMOS logic circuits.[2] 

Due to the dominant contact resistance, the drain current of BP FETs doesn’t increase dramatically even with 

channel length down to 15nm. His team is working toward to develop an effective doping scheme on BP and 

phosphorene to significantly reduce the contact resistance and realize low-resistive ohmic contact ballistic 

transistors on BP and phosphorene.  
 

[1] H. Liu, A. T. Neal, Z. Zhu, D. Tomanek, and P. D. Ye, ACS Nano 8, 4033-4041, 2014.  

[2] Z. Luo, J. Massen, Y. Deng, Y. Du, R. Garrelts, M.S. Lundstrom, P.D. Ye, X. Xu, Nature Comm. 2015 

DI:10.1038/ncomms9572 

[3] Y. Du, H. Liu, Y. Deng, and P.D. Ye, ACS Nano 8, 10035-10042, 2014. 

 

 

 

 

Figure 1: (left) Optical image of the ultra-thin BP FETs with Ni/Au and Pd/Au contacts on the same BP flake. 

(right) I-V transfer characteristic of Ni contact BP FETs with channel length from 2 μm to 100 nm. 
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